SYNOPSIS Electrical activity during voluntary effort was analysed in 33 normal subjects. Parameters of activity measured were number of peaks, mean amplitude, distribution of time intervals and of amplitudes between peaks. Recording from 10 sites evenly distributed over a muscle gave adequate representation of activity; force should be a fixed proportion of maximum rather than constant.
SYNOPSIS Electrical activity during voluntary effort was analysed in 33 normal subjects. Parameters of activity measured were number of peaks, mean amplitude, distribution of time intervals and of amplitudes between peaks. Recording from 10 sites evenly distributed over a muscle gave adequate representation of activity; force should be a fixed proportion of maximum rather than constant.
When a force of 2 kg was exerted at the wrist by the brachial biceps or triceps muscles the electrical activity showed a greater number of peaks ('turns'), a lower amplitude ('amplitude between peaks'), and a relatively higher incidence of short time intervals between peaks in patients with progressive muscular dystrophy than in controls (Willison, 1964; Rose and Willison, 1967; Dowling et al., 1968) . When the same force is exerted by the weak muscle of a patient as by a control, it remains undecided whether the increase in 'turns' is due to activation of more motor units (or increase in their firing rate) to exert a given force or to changes in shape and duration of the individual motor unit potentials associated with disease. Moreover, most actions of the human body are carried out by several muscles often involved differently under pathological conditions. Even the relative contribution of different portions (heads) of a single muscle differs from subject to subject.
The purpose of the study presented in this report was then (1) to analyse how turns and mean amplitude vary with maximum force, (2) how variations in balance of the force of different muscles and different heads of a given muscle contribute to this variability, and (3) to obtain a group of controls in whom maximum force and systematic differences between different sites were taken into account. (Accepted 11 February 1975.) 
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METHOD
The pattern of electrical activity was characterized (Willison, 1964; Dowling et al., 1968) by: (1) the incidence of voltage reversals, denoted as 'turns' (a turn was counted if it originated from two successive voltage shifts, 100 ,uV or more in amplitude and of opposite sign); (2) the amplitude of voltage changes, counted whenever the voltage of the signal changed in the same direction by 100 ,uV; (3) the mean amplitude, obtained from the number of counts of amplitude divided by that of turns; (4) the distribution of time intervals between turns; (5) the distribution of amplitudes between turns. RECORDING The electrical activity was led-off from one or two muscles by concentric needle electrodes with a leading-off area of 0.07 mm2 (DISA 13 K 32) and amplified with a lower limiting frequency of 20 Hz and an upper limiting frequency of 10 000 Hz (3 dB down, DISA 14 C, 10). To diminish overload (of importance when recording on tape) and to ensure a suitable signal-to-noise ratio (40 dB) the gain of the amplifier was 4 000 times (500 ,V/div).
The pattern of activity was analysed both on-line and off-line to obtain simultaneous data from two muscles and histograms of intervals and of amplitudes between turns. For off-line analysis the potentials were recorded on tape (frequency modulation). The tape recorder (Lyrec TR 81) had a frequency range from DC to 10 000 Hz. The upper limiting frequency required for analysis did not exceed 5 000 Hz as seen from a comparison of the same pattern analysed from tape with 5 000 and 10 000 Hz as upper limiting frequency (Table 1) . Nevertheless, an upper limiting frequency of 10 000 Hz was used throughout. Data obtained offline and on-line were the same within ± 3% for turns and ± 1% for amplitudes. For analysis, five seconds of the pattern of electrical activity were converted to two pulse trains, one as a gauge of turns, the other as a gauge of amplitude (Fitch, 1967; Medelec APA 6 ). An amplifier connected to the input of the analyser ascertained that one count occurred per 100 pV change on the input (the overall amplification gave 100 pV/count). Histograms of time intervals between turns were sampled by a small digital computer (Fabri-tek, type 1062, plug-in units SH 1 and SH 2) with intervals of 10 Fts, and of amplitudes between turns in steps of 100 pMV.
The error of the analysis of counts of turns and amplitude pulses was tested by introducing a sinusoidal voltage corresponding to an input signal of (Fig. 1) . The error on the count of amplitude pulses was lower, the count being independent of frequency from 20 to 5 000 Hz. Above 5 000 Hz an amplitude pulse to be generated needed a 20%
higher input signal (120 [LV).
MEASUREMENT OF FORCE The isometric force at the wrist exerted by an attempt at flexion or extension at the elbow was recorded via a strain gauge (Darcus, 1953) on an inkwriter. In most experiments, the electrical activity during flexion at the elbow was analysed when the force exerted at wrist was 2 kg (Willison, 1964) and 30%. of maximum force. The electrical activity during an attempt to extend the arm at the elbow was analysed in the brachial triceps muscle when the force at the wrist was 10% and 20% of maximum force and 2 kg. The ratio between the lever from the wrist to the axis of the elbow joint and from the insertion of the brachial biceps to the axis of the elbow joint is nearly constant (4.9, SD= 0.3; Ikai and Fukunaga, 1968 Measurements were made in 10 adult subjects to evaluate the variation from subject to subject. The findings are summarized in Table 2 .
The mean values of tuMs and mean amplitude for all subjects were independent of the number of sites studied. With a force of 2 kg, the number of turns was on the average 20% greater and the mean amplitude 45%o greater in the brachial triceps than in the biceps. The differences are related to the different strength of the two muscles (p. 684). In both muscles, for turns as well as for mean amplitude, the variation between subjects and the variation in a given sub- group.bmj.com on May 29, 2017 -Published by http://jnnp.bmj.com/ Downloaded from ject were independent of the number of sites tested.
In the brachial biceps muscle, the standard deviation of turns measured from different sites of the individual muscle averaged 484; in the brachial triceps 556. Therefore, the standard error on the average number of turns in the brachial biceps of the individual subjects was 216 (=484/A/5) when five sites were tested, 153 when 10, and 125 when 15 sites were tested. In the brachial triceps the standard error was 248 (=556/AV5) for five sites and 176 for 10 sites. A comparison of these values with the data of Table 2 shows that the variation between subjects exceeded the standard error of the mean value in the individual muscle whether five, 10, or 15 sites were tested, the difference being more pronounced in the brachial biceps than in the brachial triceps muscle. Similarly, the variation of mean amplitude in the individual muscle averaged 83 ,uV (2 kg) and 120 ,V (300 %) in the brachial biceps, 102,V (10%), 129,V (2 kg), and 139 ,uV (20%) in the triceps. Hence, the standard error with which the average of mean amplitude was determined in the individual subject was 37-62 ,uV when five sites were studied, 26-44 ,uV when 10, and 21-31 FV when 15 sites were tested. Compared with the values of Table 2 , this shows that the standard error of the average values for different subjects was smaller than the variation from subject to subject.
From these findings, it follows that, if 10 sites are scanned, average values of turns and mean amplitude are obtained which are representative of the muscle. When 10 sites are tested, the variation in turns and mean amplitude within the individual subject is obtained with a standard error of 24% (=100/X/2(l0-1)).
ELECTRICAL ACTIVITY IN DIFFERENT PARTS OF THE MUSCLE AND IN SYNERGISTIC MUSCLES In four of
five subjects the number of turns was 20%-90% greater in the medial head than in the long and lateral heads of the brachial triceps, the difference tending to be greatest at small forces. Similarly, with a force of 2 kg the number of turns was two to three times greater in three of five subjects when the electrode was placed in the brachialis muscle than when it was placed in the brachial biceps. At 3000 of maximum force, only one subject showed a greater number of turns in the brachialis muscle than in the biceps (5000, Fig.   3 ).
FIXED LOAD COMPARED WITH LOAD ADJUSTED TO MUSCLE STRENGTH A force of 2 kg resulted in a lower number of turns when the maximum force of the subject was high than when it was low. This applied to the brachial biceps, the brachial triceps, and the brachioradial muscles (Fig. 4) . (Fig. 4) (Fig. 5 , subjects 1 and 2, brachial biceps). In fact, when the variation with maximum force was taken into account, the number of turns was within the 95%/ confidence limit. Conversely, other subjects exerting 2 kg appeared to give a normal number of turns, whereas turns fell above or below the normal range when the variation with maximum force was considered (Fig. 5, subjects 3 and 4) .
Mean amplitude varied differently with force (Fig. 6 ). In the brachial biceps the mean amplitude amounted to 0.30 + 0.06 (SD) mV at a force of 2 kg and to 0.53 + 0.08 (SD) mV at 3000. In the brachial triceps the mean amplitude at a force of 2 kg was 0.41 + 0.07 (SD) mV.
Influence of age and sex At a force of 3000 of maximum applied to the brachial biceps muscle, 
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MAXIMUM FORCE, kg the number of turns was independent of age and sex. Conversely, at a force of 2 kg the number of turns varied with age, in the same way in both sexes (Table 4) . Before 25 years the number of turns decreased with age, after 25 years there was a smaller but significant increase. The change in turns at a force of 2 kg reflects the increase in maximum force up to 25 years of age and the decrease above 25 years of age (Table 4) .
Correction of turns in m. biceps brachii for differences between subjects in contribution of m. brachioradialis to force When turns in the brachial biceps muscle are related to the isometric force exerted at wrist, it must be considered that muscles of the forearm, especially m. brachioradialis, contribute to the force. The ratio of the forces contributed by m. biceps brachii and m. brachioradialis varies with the force and presumably also between subjects and may account for some of the scatter in turns. Within a certain range of force the number of turns and their mean amplitude increased with increasing force also in the brachioradialis muscle (Fig. 2) . It was then assumed that the ratio between turns in the brachial biceps and in the brachioradialis muscle reflects the ratio between forces exerted by the muscles of the upper arm and of the forearm. Furthermore, if we assume that deviations from the regression line describing the decrease in turns with increasing maximum force for the brachioradialis muscle were due mainly to deviations from the average ratio between contributions to force from muscles of the upper arm and forearm, an increased number of turns in the brachioradialis muscle should be associated with a decreased number of turns in the to 282 turns-that is, a change of 15% (Fig. 7) .
Different force ratios between biceps brachii and brachioradialis muscle were tested in the correction. The highest correlation coefficient was found with a ratio of about 80 to 20. At a force of 3000 it was not possible to obtain a smaller scatter by correction, no matter which ratio was used. The correction above is likely to be too great, since the number of turns in the brachioradialis muscle increased somewhat less than proportional with force. Thus, in 15 subjects, turns at a force of 2 kg increased linearly with the relative force. Using this relation, the correction was about half that obtained with proportionality.
Time intervalhistograms Turns grouped according to their time intervals had a peak at about 1 ms, but the shape of the histogram varied widely (Fig. 8) (Fig. 9) . Nevertheless, the percentage of short intervals was independent of the maximum (Table 2) . biceps muscle (five sites in each of three subjects) the percentage of small amplitudes (<0.4 mV) decreased with increasing force (Fig. 9) . The percentage of small amplitudes varied differently with the maximum force in the brachial triceps and the brachial biceps muscles. Thus, in the brachial triceps muscle, the percentage of small amplitudes decreased with increasing maximum force at 10% and 20% of maximum and was unaltered at 2 kg. In the brachial biceps muscle at 3000 of maximum force the percentage of small amplitudes was unaltered with increasing maximum force, while it decreased at a force of 2 kg (Fig. 10) (Hayward and Willison, 1973) and 10 different sites (Colston and Fearnley, 1967) were considered representative, though no systematic experiments were reported. To obtain representative average values of the parameters which characterize the pattern of electrical activity, we have determined the number of sites which gave a mean error in the individual muscle which was small compared with the variation from subject to subject. The variation in turns and amplitude from site to site was about 3000 in the brachial triceps and biceps muscles (2 kg). With 10 different sites the variation in turns and mean amplitude from subject to subject was two to three times greater than the standard error of the mean in the individual muscle.
3. STANDARD OR ADJUSTED FORCE At a standard force of 2 kg the number of turns decreased by 30-40%o with increasing maximum force of different adult subjects (from [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] kg with extension at the elbow and from kg with flexion at the elbow). When the force was adjusted relative to maximum force the number of turns was the same in different subjects. This suggests that the number of motor units required to exert a given force is determined by the relative force, the total number of motor units being about the same regardless of muscle strength. Differences in maximum force would then be due mainly to difference in diameter of muscle fibres. This view is supported by the finding of a 20% smaller mean fibre diameter in women than in men (Moore et al., 1971; Vilppula, 1972) , resulting in the 3500 lower maximum force (p. 684).
Therefore, to compensate for difference in muscle strength in different subjects, we prefer to use a fixed relative force rather than a fixed absolute force. Although the variation from subject to subject was the same whether the force was 10, 20, or 30%/ of maximum, we recommend 3000, since reproducibility was best.
CONTRIBUTIONS FROM OTHER MUSCLES The
scatter in turns in the brachioradialis muscle was 45% when corrected for maximum force.
Nevertheless, in normal subjects, this muscle contributes 20% to flexion; this variability could account for no more than about one-sixth of the variability in turns for the brachial biceps. On the other hand, in patients with proximal weakness when the brachioradialis muscle contributes more to flexion, correction for its contribution is probably necessary.
The change in maximum force with age explains the variation in turns when a force of 2 kg was exerted by the brachial biceps. Turns decreased up to 25 years of age as maximum force increased, and turns increased above 25 years as maximum force decreased. These findings reflect the changes in fibre diameter with age, the diameter being largest between 20 and 30 years of age (Moore et al., 1971) . With a force of 30%o
of maximum the number of turns was independent of age. These findings differ from those of Colston and Fearnley (1967) who found a decrease in turns with increasing age when a load of 2 kg was applied to the deltoid muscle, implying that their older subjects were systematically stronger than the younger ones. This could have been the case if all their old subjects had been men and the younger subjects women. However, the range of age is given as being similar in both sexes. Unfortunately, they give no information about the maximum force of their subjects.
INTERVAL BETWEEN SPIKES WITHIN INDIVIDUAL MOTOR UNIT POTENTIALS AND BETWEEN SPIKES ORIGINATING FROM DIFFERENT MOTOR UNITS
Since intra-spike intervals from individual motor units are independent of the force exerted and those originating from different motor units vary with force, there is no basis for selecting any relative force for measurement. Finally, since the percentage of small amplitudes was closely related with mean amplitude (P < 0.001), the latter describes adequately the amplitude of the pattern of activity in normal subjects.
SUMMARY
Using the criteria suggested by Willison (1964) and Dowling et al. (1968) , the electrical activity during different degrees of voluntary effort was analysed in flexors and extensors of the arm at elbow.
During repeated contractions the number of spikes (turns) and the mean amplitude of the pattern of electrical activity were reproducible within 10-25%, suggesting that the same motor units are activated during repeated contractions. The minimum number of recording sites representative for a muscle was found by comparing averages obtained from five, 10, and 15 sites. Ten sites were sufficiently representative, since the standard error of the average value of turns and of mean amplitude in the individual muscle was small compared with the variation from subject to subject.
The number of turns was often greater in the medial than in the long and lateral head of the brachial triceps and in the m. brachialis than in the brachial biceps. Hence, it is necessary to distribute the 10 sites of recording evenly over the muscle.
With a tension adjusted relative to maximum force, the number of turns was the same in different subjects, whereas turns decreased markedly with increasing maximum force when a standard force of 2 kg was exerted. Hence, a fixed relative force is less apt to give false positive data or to obscure abnormalities than a fixed absolute force.
The number of turns was independent of age with a fixed relative force and varied as did maximum force with a force of 2 kg.
Turns as a function of force recorded in the brachial biceps muscle were affected by the contribution to flexion at the elbow of the brachioradialis muscle. Correction for this contribution reduced the scatter by only 10-15%o around the regression line of turns as a function of maximum force. The correction must be expected to increase under abnormal conditions when the contribution of the brachioradialis muscle to flexion is greater.
The shape of the histograms of time intervals and of amplitudes between turns varied considerably. The percentage of short time intervals (< 0.75 ms) and of small amplitudes (< 0.4 mV) was best suited to compare with findings in patients. The percentage of turns with short time intervals increased with force and the percentage of small amplitudes decreased. Both were independent of maximum force at 30%0 of maximum.
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